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Abstract

Exposure to Polybrominated diphenyl ethers (PBDEs) has been associated with various adverse 

health outcomes related to liver, neural and endocrine systems. Some of these may be the result of 

PBDE-induced oxidative stress or inflammation, but these associations have been explored 

minimally in humans. In the present study we examined the relationship between PBDE 

concentrations and biomarkers of oxidative stress and inflammation measured in blood samples 

among a representative US sample from the National Health and Nutrition Examination Survey. 

Oxidative stress biomarkers showed no significant associations with PBDEs in adjusted regression 

models. For inflammation biomarkers, we observed small but statistically significant positive 

associations between BDE-153 and alkaline phosphatase (percent change with an interquartile 

range [IQR] increase in BDE-153=0.82, 95% confidence interval [CI] =0.01, 1.65) and absolute 

neutrophil count (percent change with IQR increase in BDE-153= 0.53%, 95% CI=0.03, 1.04). 

Associations with other PBDE congeners and inflammation markers were generally positive but 

did not reach statistical significance. These results are consistent with human research of oxidative 

stress and inflammation in response to PBDE congeners and mixtures, and support previous 

reports of inflammation in response to PBDE treatment in animal and in vitro studies. More 

detailed toxicological and epidemiologic research in humans is needed to confirm the present 

results, and to determine the potential clinical and public health significance of these findings.
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1. Introduction

Polybrominated diphenyl ethers (PBDEs) are found commonly in a number of household 

and industrial products, in materials like foam padding, textiles, and electronics (ATSDR, 

2004). Their application is primarily for flame-retardant purposes. Production of penta- and 

octa- BDE congeners was discontinued in the US in 2004 (EPA, 2016), but older materials 

containing these persistent compounds continue to be a source of exposure for humans. 

PBDEs are not chemically bound to the products in which they are used and hence are 

readily released into the surrounding environment. Thus, ingestion and inhalation of 

contaminated dusts are important exposure pathways in humans. The fact that PBDEs are 

persistent pollutants, accumulating both in the environment and the human body have made 

them an identified human health concern of high priority by the US Environmental 

Protection Agency (EPA, 2014).

PBDEs are suspected toxins of the renal, neural, and endocrine systems (Harley et al., 2010; 

Linares et al., 2015; Meeker et al., 2009; Turyk et al., 2008). In utero and/or childhood 

PBDE exposure has been associated with poorer attention, fine motor coordination, and 

cognition in school-age children (Eskenazi et al., 2013; Gascon et al., 2011; Herbstman et 

al., 2010). PBDE concentrations in house dust have been associated with hormonal 

disturbances in adult men and pregnant women as well (Chevrier et al., 2010; Meeker et al., 

2009). Several mechanisms may explain these associations, as illustrated by animal and 

cellular studies, with thyroid or sex hormone disruption being the primary pathway of 

interest (Darnerud et al., 2007; Ellis-Hutchings et al., 2006; Hamers et al., 2006; Hamers et 

al., 2008; Stoker et al., 2005). However, oxidative stress and inflammation may be additional 

mechanisms by which PBDEs could cause adverse effects in humans. Substantial in vitro 
and animal studies demonstrate that some PBDEs can induce inflammation and oxidative 

stress (Fernie et al., 2005; He et al., 2008; Park et al., 2014; Peltier et al., 2012). 

Hydroxylated PBDEs, apparent metabolites of PBDEs, have also been reported to induce 

oxidative stress in cellular studies (Costa et al., 2014; Usenko et al., 2012; Zhong et al., 

2011). Despite this evidence, very few studies to date have examined associations between 

PBDE exposure and oxidative stress or inflammation in humans. Those that have 

investigated PBDEs in combination with other persistent organic pollutants, such as 

polychlorinated biphenyls and p,p-dichlorodiphenyldichloroethylene (DDE) (Kumar et al., 

2014), have combined PBDEs and not examined the impact of individual congeners (with 

the exception of BDE-47) (Turyk et al., 2015), or have addressed this question in study 

populations without broad generalizability (Rantakokko et al., 2015).

In the present study, we utilized measurements of inflammation and oxidative stress 

biomarkers in serum or whole blood samples from the National Health and Nutrition 

Examination Survey (NHANES) from 2003–2004 to explore the relationship between 

individually measured PBDE congeners and systemic inflammation and oxidative stress. We 

were limited by examining biomarkers of PBDE exposure that were available in the dataset, 

which may not include all of the congeners of current interest but does include some that 

have been examined in other studies, such as 2,2’,4,4’-tetrabromodiphenyl ether (BDE-47). 

As biomarkers of oxidative stress, we examined bilirubin and gamma-glutamyltransferase 

(GGT). Decreased levels of bilirubin, a potentially important antioxidant, indicate an 
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increase in oxidative stress (Stocker et al., 1987); thus, this biomarker has been used in a 

number of epidemiologic studies (Estrada et al., 2016; Vaishnav et al., 2015; Ferguson et al., 

2011). GGT is well-accepted as a biomarker of oxidative stress also (Lee et al., 2004). For 

inflammation, we examined absolute neutrophil count (ANC), alkaline phosphatase (ALP) 

and C-reactive protein (CRP). ANC has been used as a sensitive inflammation biomarker in 

studies examining physiological consequences of environmental exposures (Frost-Pineda et 

al., 2011; Liao et al., 2005; Yang et al., 2009). Increased ALP (Cheung et al., 2008) and CRP 

are also commonly used as indicators of overall inflammation and systemic inflammation 

(Nayeem et al., 2010; Pearson et al., 2003) and may be predictive of adverse health 

outcomes or indicative of intermediate effects cause by environmental pollutants.

2. Materials and Methods

2.1 Study Participants

NHANES is an ongoing cross-sectional study designed to collect nationally representative 

data on dietary intake, environmental exposures, and diseases. The present study includes 

participants and the measurements from the 2003–2004 NHANES cycle. In this analysis, we 

included 2040 individuals aged 12 and older with measurements available for one or more 

serum PBDE congener as well as one serum oxidative stress or inflammation biomarker.

2.2 Serum PBDEs

Upon collection of serum from subjects at Mobile Examination Centers (MECs), samples 

were frozen at −20°C and shipped for analysis to the Division of Environmental Health 

Laboratory Sciences, National Center for Environmental Health, Centers for Disease Control 

and Prevention. PBDE congeners measured included: 2,2’, 4-tribromodiphenyl ether 

(BDE-17); 2,4,4'-tribromodiphenyl ether (BDE-28); 2,3’,4,4’-tetrabromodiphenyl ether 

(BDE-66); 2,2’,3,4,4’-pentabromodiphenyl ether (BDE-85); 2, 2’,4,4’,5-

pentabromodiphenyl ether (BDE-99); 2,2’,4,4’,6-pentabromodiphenyl ether (BDE-100); 2, 

2’,4,4’,5,5’-hexabromodiphenyl ether (BDE-153); 2,2’,4,4’,5,6’-hexabromodiphenyl ether 

(BDE-154); and 2, 2’,3,4,4’,5’,6-heptabromodiphenyl ether (BDE-183).

Measurements of serum PBDEs were made using solid-phase extraction, followed by 

sample clean up and isotope dilution gas chromatography with high-resolution mass 

spectrometry, described in detail elsewhere (NCEH, 2011; Sjodin et al., 2008). Quality 

assurance and quality control (QA/QC) was performed in accordance to the 1988 Clinical 

Laboratory Improvement Act mandates. Details are recorded in the NHANES Laboratory 

Procedure Manual of PBDE analytes (NCEH, 2011). The limits of detection (LOD) were 

variable based on congener and batch, and are examined elsewhere for this dataset (Sjodin et 

al., 2008). Measurements below the LOD were replaced by the LOD divided by the square 

root of two (Hornung and Reed, 1990). Because PBDEs are lipid soluble and serum 

concentrations are dependent upon lipid levels in the blood, we adjusted analyses with serum 

lipid concentrations to ensure consistently unbiased estimates (Schisterman et al., 2005). 

Total lipids were estimated by the sum of total cholesterol and triglycerides values, with 

measurement methods described elsewhere (NCHS, 2008).
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Since all PBDEs and outcome biomarker distributions were right-skewed, they were natural-

log transformed for analysis. Additionally, PBDEs measurements were lipid standardized by 

dividing the concentration by serum lipid level for presentation of descriptive statistics and 

calculation of simple correlations. In regression analyses, unstandardized PBDE levels were 

used and serum lipid level was included as a covariate in all models (Schisterman et al., 

2005).

2.2 Oxidative stress and inflammation biomarkers

At Collaborative Laboratory Services (Ottumwa, IA), GGT, bilirubin, and ALP levels were 

measured in thawed serum samples in methods described in detail on the NHANES website 

(NCHS, 2008). Serum CRP was analyzed at the University of Washington using latex-

enhanced nephelometry (NCHS, 2000). In MECs at the time of sample collection, ANC was 

measured in whole blood using the Beckman Coulter MAXM (NCHS, 2007). QA/QC 

processes were carried out in accordance to the 1988 Clinical Laboratory Improvement Act 

mandates. Details are recorded in the NHANES Laboratory/Medical Technologists 

Procedures Manual (available from: https://www.cdc.gov/nchs/data/nhanes/nhanes_03_04/

lab.pdf). As with PBDEs, outcome biomarkers were right-skewed and thus ln-transformed 

for all analyses.

2.3 Covariates

Demographic data were collected from the participants in a survey component of NHANES. 

These data allowed us to examine age, gender, race/ethnicity, poverty income ratio (PIR, an 

indicator of socioeconomic status), and education level as potential confounders. Serum 

cotinine, an indicator of tobacco smoke exposure measured in the laboratory component, and 

body mass index (BMI), which was part of the physical examination, were examined as 

covariates as well.

2.4 Statistical analysis

Data analysis was performed using SAS version 9.3 (SAS Institute, Cary, NC). NHANES 

uses a complex and multistage design in which certain subpopulations are oversampled so 

that effect estimates within minority groups can be precise. Adjusting regression models for 

strata, primary sampling units (PSU), and survey weights ensures generalizability to the US 

population. However, doing so can be inefficient due to over adjustment for variables such as 

gender, age, race/ethnicity and PIR, which are not only used for weighting but also included 

as covariates in regression analyses (Korn and Graubard, 1991). Therefore, we constructed 

both weighted and unweighted models for comparison and presented unweighted results 

when effect estimates were similar.

In descriptive analyses, we examined distributions of exposure and outcome measurements 

using geometric means and selected percentiles in the total population. t tests and one-way 

ANOVA were utilized to test differences between groups. Pearson correlation coefficients 

were calculated to assess relationships among ln-transformed PBDE concentrations, 

outcome markers, and between the exposures and outcomes. Crude regression models 

included one PBDE concentration and one oxidative stress or inflammation biomarker. Full 

multivariable linear regression models included one ln-transformed biomarker as the 
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dependent variable and one ln-transformed PBDE as a predictor along with age 

(continuous), gender (dichotomous), race/ethnicity (categorical), BMI (continuous), PIR 

(continuous), ln-transformed cotinine (continuous) and ln-transformed serum lipid 

concentration (continuous). Covariates were selected based on associations with exposure 

and outcome variables in crude analysis and whether they changed effect estimates by 

greater than 10% upon inclusion in models. All models included the same covariates for 

consistency and comparability. Regression results were back-transformed to represent a 

percent change in biomarker in association with an interquartile range (IQR) increase in 

PBDE concentration.

In secondary analyses, we stratified our data by gender and age group (12–20, 21–40, 41–60, 

and > 60 years of age) to explore any potential effect modification, as these groups may have 

different oxidative stress or inflammatory responses to various stimuli. We also examined 

associations across PBDE quintiles to assess nonlinearity in relationships.

3. Results

Weighted population distributions by categorical covariates are presented in Table 1. 

Geometric means and selected percentiles of lipid-standardized PBDEs are displayed in 

Table 2. Because of a high proportion of samples below the LOD (>50%), BDE-17, 

BDE-85, BDE-66 and BDE-183 were not presented or considered in subsequent analyses. 

The number of subjects with PBDE data varied from 1,987 up to 2,039 due to missing 

values for each congener. The geometric means of PBDEs across covariate categories were 

also examined and consistent with previous studies (results not shown) (Fraser et al., 2009). 

Geometric means and selected percentiles of oxidative stress and inflammation biomarkers 

in the study population are displayed in Table 3; each was detected in all samples measured.

Pearson correlation coefficients showed that lipid-standardized PBDE concentrations were 

moderately to strongly correlated with each other (r =0.56–0.91, p <0.01), as has previously 

been reported (Fraser et al., 2009). Correlations between oxidative stress and inflammation 

biomarkers are shown in Supplemental Material Table S1. The oxidative stress biomarkers 

bilirubin and GGT were weakly but positively correlated (r =0.11, p <0.05). The 

inflammation marker CRP was inversely correlated with ALP (r =−0.12, p <0.05) but 

positively correlated with ANC (r =0.24, p <0.05). ALP and ANC were not significantly 

correlated. Between oxidative stress markers and inflammation markers, GGT had a 

significant positive association with CRP and bilirubin had a negative correlation with CRP 

and ANC. The latter association is expected, as bilirubin is thought to represent antioxidant 

capacity and lower levels indicate reduced capacity, i.e. increased levels of oxidative stress.

Effect estimates from models with and without adjustment for the sampling design were 

similar; thus, unadjusted results for linear regression models are presented in Table 4. 

Associations between PBDEs and oxidative stress markers were largely null, although there 

was a suggestive inverse association between BDE-153 and GGT. In regard to inflammation 

biomarkers, ALP was significantly and positively associated with BDE-153, and 

suggestively associated with BDE-99 and BDE-100. ANC was also positively associated 
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BDE-153 in the adjusted model. CRP was not associated with any of the congeners in 

adjusted models.

To investigate the possibility of non-linear relationships, we regressed PBDE quintiles on ln-

transformed oxidative stress and inflammation markers with adjustment for the same set of 

covariates included in continuous models. Associations between quintiles of PBDEs and 

each outcome biomarker are presented in Figure 1 (a–e). As with linear models, few 

associations were observed between BDE congeners and oxidative stress biomarkers, 

although there was a suggestive decreasing trend of serum GGT with increasing quintiles for 

BDE-153 concentrations (p for trend= 0.06). BDE-153 quintiles were associated with 

increases in both ALP and ANC (p for trends 0.02 and 0.06, respectively), and the 

association with ALP appeared to be non-monotonic. BDE-100 quintiles were also 

associated with increases in ALP and ANC (p for trends=0.03). Finally, increasing quintiles 

of BDE-99 were associated with an increase in CRP (p for trend=0.04).

To examine potential effect modification, we stratified by age groups and gender. There were 

some differences in adjusted effect estimates between strata with regard to direction and 

magnitude. Individuals aged 12–20 showed significant inverse associations of small 

magnitude between GGT and PBDE congeners (BDE-47, BDE-99, BDE-100, BDE-153, 

BDE-154; Supplemental Material Table S2). In terms of gender strata, males had a 

significant inverse association between CRP and BDE-153, while in females the association 

was significant and positive between CRP and congeners BDE-28, BDE-99 and BDE-154 

(Supplemental Material Table S3). No other differences were noted.

4. Discussion

We explored the association between a panel of individual serum PBDEs and biomarkers of 

oxidative stress and inflammation in a large representative US population of adolescents and 

adults. Of the oxidative stress biomarkers, we observed few associations and in some 

instances associations opposite of the direction we would expect. However, several 

inflammation biomarkers were positively associated with serum levels of PBDEs in crude 

and adjusted models. ALP showed a positive association with BDE-99, BDE-100 and 

BDE-153. In addition, ANC showed a significant positive association with BDE-153. These 

associations appeared to be dose-dependent as illustrated in analyses by quintiles of 

exposure.

Previous studies of the relationships between PBDEs and oxidative stress have been mostly 

conducted in vitro and in animals, and results have varied by PBDE congener and outcome 

biomarker (Costa et al., 2008). The strongest evidence shows an association between 

BDE-47 and oxidative stress. This effect has been demonstrated in animal models and in cell 

lines (An et al., 2011; Costa et al., 2015; Fernie et al., 2005), although a study in zebrafish 

showed no effect of BDE-47 or other PBDEs on oxidative stress endpoints (Usenko et al., 

2015). In regard to inflammation, a cellular study of human first trimester extravillous 

trophoblasts showed that BDE-47 treatment activated reactive oxygen-mediated 

inflammatory pathways (Park et al., 2014). We were unable to detect meaningful 

associations between serum PBDEs and either of these biomarkers in the present analysis, 
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which is consistent with the results from the few other human studies that have addressed 

this research question. Kumar et al. examined BDE-47 in relation to lipid or protein related 

oxidative stress markers and similarly found no associations (Kumar et al., 2014). Likewise, 

Turyk et al. explored the relationships between BDE-47 and a sum of PBDE congeners with 

GGT and observed null associations (Turyk et al., 2015). The inability to replicate the 

animal and in vitro findings in humans may be due to lower levels of exposure in humans or 

differences in metabolism across animal models.

Regarding inflammation, previous in vitro and animal studies in various cell types have 

demonstrated that PBDEs are capable of inducing a proinflammatory response and 

consequently inflammation. BDE-47 and some other congeners have been shown to cause 

cytokine release in trophoblast and placental cell lines (Park et al., 2014; Peltier et al., 2012). 

Our study showed positive associations between PBDE congeners and some biomarkers of 

inflammation, particularly ANC and ALP, which are consistent with these findings. The only 

other study to examine BDE-153 alone in relation to inflammation markers in humans 

observed similar associations between exposure and increased liver inflammation, although 

that study population focused on individuals undergoing bariatric surgery (Rantakokko, 

2015). Also similar to our findings, Ratnakokko et al., Turyk et al. (2015), and Kumar et al. 

(2014) did not detect any associations between BDE-47 and inflammatory biomarkers in 

their study populations. These results should be replicated in studies utilizing repeated 

measures of more specific biomarkers of inflammation.

There were some limitations in our study. First, as is always the case with cross-sectional 

data, we were unable to establish temporality in the associations observed. Second, single 

serum measures of oxidative stress and inflammation biomarkers are not optimal as they 

may vary over time due to diurnal variation (Gu et al., 2009; Lazo et al., 2008). Repeated 

outcome measurements would improve the power to detect effects. Third, alternative 

biomarkers should be considered, e.g., cytokines and 8-isoprostane, as circulating levels of 

these markers may more accurately and thus more sensitively detect inflammation and 

oxidative stress, respectively, in human populations.

Despite its limitations, this study has many strengths. First, it offers a novel exploration of 

PBDE associations with oxidative stress or inflammation in a human population, utilizing a 

large nationally representative population. Second, multiple markers of both oxidative stress 

and inflammation increased our ability to detect effects, as some of these markers may be 

more sensitive than others depending on mechanistic pathways that are activated in response 

to PBDE exposure.

In conclusion, we observed small but significant positive associations between BDE-153 and 

the inflammation markers ALP and ANC in the general population, suggesting that this 

congener may be associated with increased inflammation. Additional human studies of 

oxidative stress and inflammation in relation to PBDE exposure are needed to test these 

associations, but future research investigating health consequences of PBDE exposure 

should consider examining health outcomes that are mediated by changes in systemic levels 

of inflammation.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Adjusteda Percent Change (95% Confidence Intervals) in Oxidative Stress or 

Inflammmation Biomarker in Association with PBDE quintiles for: a) GGT; b) bilirubin; c) 

ALP; d) ANC; and e) CRP.

Footnote: Abbreviations: GGT, gamma glutamyl transferase; ALP, alkaline phosphatase; 

ANC, absolute neutrophil count; CRP, C-reactive protein.
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aModels adjusted for age, gender, race/ethnicity, poverty income ratio, body mass index, ln-

serum cotinine, and ln-serum lipid level.** p <0.05, * p <0.10.
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Table 1

Weighted NHANES 2003–2004 Population Characteristics (N = 2040)

Covariate N (%)

Gender Male 994 (48.7)

Female 1046 (51.3)

Age (years) 12 – 20 648 (31.8)

21 – 40 506 (24.8)

41 – 60 429 (21.0)

> 60 457 (22.4)

Race/ethnicity Mexican American 488 (23.9)

Other Hispanic 67 (3.28)

Non-Hispanic White 911 (44.7)

Non-Hispanic Black 492 (24.1)

Other Race/multi-racial 82 (4.02)

Body mass index Underweight (<18.5 kg/m2) 102 (5.00)

Normal weight (18.5 – 24.9 kg/m2) 749 (36.7)

Overweight (25 – 29.9 kg/m2) 608 (29.8)

Obese (>30 kg/m2) 549 (26.9)

Missing 32 (1.57)

Poverty income ratio < 1 472 (23.1)

1 – 2 502 (24.6)

2 – 3 295 (14.5)

> 3 662 (32.5)

Missing 109 (5.34)

Education (years) < 12 936 (45.9)

12 396 (19.4)

> 12 705 (34.6)

Missing 3 (0.15)
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